When corn is expensive, high feed costs result in decreased profitability (Tonsor and Dhuyvetter, 2013 ABSTRACT: Two studies were conducted to identify methods for treating crop residues to improve digestibility and value in finishing diets based on corn grain and corn wet distillers grain with solubles (WDGS). In Exp. 1, 336 yearling steers (initial BW 356 ± 11.5 kg) were used in a 2 × 3 + 1 factorial arrangement of treatments with 6 pens per treatment. Factors were 3 crop residues (corn cobs, wheat straw, and corn stover) and 2 treatments where crop residues were either fed (20% diet DM) in their native form (NT) or alkaline treated with 5% CaO (DM basis) and hydrated to 50% DM before anaerobic storage (AT). Intakes were not affected by diet (F test; P = 0.30). An interaction between chemical treatment and residue (P < 0.01) was noted for final BW, ADG, G:F, and HCW. Greater final BW was observed for treated stover (4.6%) and straw (5.6%) compared with NT residues; however, AT and NT cobs were similar. Treated straw (9.7%) and stover (12.5%) resulted in greater ADG (P < 0.01) and improved G:F (10.7% and 5.0%, respectively; P < 0.01) compared with NT forms. In Exp. 2, ruminally fistulated steers (n = 5) were used in an unbalanced 5 × 7 incomplete Latin square design with a 2 × 3 + 1 factorial arrangement of treatments. Factors were crop residue (corn cobs, wheat straw, and corn stover) and chemical treatment (NT or AT) fed at 25% of diet DM. Greater DM (73.7% vs. 66.1%; P < 0.01), OM (77.0% vs. 68.5%; P < 0.01), fat (89.2 vs. 85.2; P = 0.02), and NDF (66.8% vs. 51.5%; P < 0.01) digestibilities were noted for AT than for NT. However, no difference (P > 0.10) was observed between control (46% corn; DM basis) and AT (31% corn; DM basis) for DM digestibility (70.7% vs. 73.7%) or OM digestibility (72.1% vs. 77.0%). Dry matter intakes were not different between treated and untreated diets (P = 0.38), but lower (P < 0.01) NDF intake was observed for treated diets (3.1 vs. 3.5 kg/d), suggesting that CaO treatment was effective in solubilizing some carbohydrate. These data suggest that 15% replacement of corn and 10% untreated residue with treated forage result in a nutrient supply of OM similar to that of the control. The improvements in total tract fiber digestibility that occurred when treated forages were fed may have been related to increased digestibility of recoverable NDF and not to increased ruminal pH. Feeding chemically treated crop residues and WDGS is an effective strategy for replacing a portion of corn grain and roughage in feedlot diets.
INTRODUCTION
increase, assuming performance is maintained. Wet distillers grain with solubles (WDGS), a byproduct from ethanol production, is a suitable replacement for dryrolled corn (DRC) for finishing cattle, with optimal inclusion of 30% to 40% of diet DM (Klopfenstein et al., 2008) . However, as WDGS is priced relative to corn, diet costs still remain high. Replacing corn with roughage, such as crop residues, may reduce diet costs, but crop residues have less NEg than corn (NRC, 2000) . Consequently, substituting roughage for corn could reduce ADG and G:F (Owens, 2011) .
The value of crop residues may be improved by the use of an alkaline treatment such as Ca(OH) 2 (Rounds et al., 1976; Waller, 1976) or NaOH (Berger et al., 1979a; Lesoing et al., 1980; Paterson et al., 1980) . Fahey et al. (1993) reviewed 32 studies in which NaOHtreated crop residues were included (compromising at least 60% of diet DM) and found a 30% improvement in total tract DM digestibility. However, NaOH-treated feedstuffs can negatively shift the site of fiber digestion to the lower gut (Berger et al., 1979b) , which potentially diminishes the energetic benefit. Thus, calcium hydroxide has been used as a substitute for NaOH (Rounds et al., 1976; Waller, 1976; Lesoing et al., 1980; Paterson et al., 1980) . Compared with NaOH, calcium oxide is less caustic, is easier to handle, and provides a source of Ca.
The objectives of this research were 1) to evaluate the effects of replacing corn and untreated residues with treated residues in combination with WDGS on steer performance and carcass merit and 2) to characterize total tract digestibility and rumen metabolism of cattle when treated and untreated crop residues replaced 15% of the units of corn in the diet.
MATeRIALS AND MeTHODS
All procedures used for these experiments involving animal care were approved by the University of Nebraska-Lincoln Institutional Animal Care and Use Committee (IACUC 517).
Experiment 1
Three hundred sixty-six yearling crossbred steers (Initial BW = 356 ± 11.6 kg) were utilized in a 140-d finishing trial, with 6 pens per treatment. Steers were received as calves in October 2009, and initial processing included modified live virus vaccine for Infectious bovine rhinotracheitis, bovine viral diarrhea types I and II, parainfluenza type 3, and bovine respiratory syncytial virus (Bovi-Shield Gold 5, Zoetis, New York, NY); Haemophilus somnus bacterin (Somubac, Zoetis); injectable anthelmintic (Dectomax, Zoetis); and metaphylactic antibiotic (Micotil, Elanco Animal Health, Greenfield, IN) . Approximately 14 d later, cattle were vaccinated for prevention of pinkeye (Piliguard Pinkeye + 7, Merck Animal Health, Desoto, KS) and given a booster against clostridial infections (Ultrabac-7 Somubac, Zoetis). Until trial initiation, steers grazed corn residue for approximately 90 d following initial processing and were pen fed a forage-based diet for 120 d. Steers were limit fed a diet containing 47.5% sweet bran, 47.5% alfalfa hay, and 5.0% supplement (DM basis) at 2.0% of BW for 5 d before they were weighed on d 0 and 1 for initial BW determination (Stock et al., 1983) . A randomized block design was used with a 2 × 3 + 1 treatment structure. Factors were crop residue (corn cobs, wheat straw, corn stover) and chemical treatment (none [NT] vs. 5.0% CaO + 50.0% moisture [AT] ). The control (plus 1) diet contained a greater amount of DRC (46.0% vs. 36.0%) and 10% roughage (equal parts NT cobs, wheat straw, and corn stover on a DM basis). On the basis of several in vitro experiments (Shreck et al., 2011) , which evaluated the effects of treating crop residues with calcium oxide and NaOH level as well as moisture level, we decided to treat crop residues with 5% CaO (DM basis) at 50% DM. Supplemental calcium is needed in the diet, and unlike sodium hydroxide, excretion of Ca from calcium oxide provides additional fertilizer value (Rounds et al., 1976) . Crop residues replaced DRC and were fed at 20.0% diet DM (Table  1) . Crop residues were purchased approximately 2 mo before the beginning of the trial, and each crop residue was secured from 1 source. Corn stover and wheat straw were brought to the feedlot as round bales. Corn cobs were sourced from seed corn production. Initially, crop residues were tub ground (Mighty Giant, Jones Manufacturing, Beemer, NE) and stored under roof in a commodity bay. Chemical treatment consisted of water, CaO (0 to 0.098 cm granular standard quicklime, Mississippi Lime Co., Sainte Genevieve, MO), and ground residue (7.62 cm i.d. screen for corn stover and wheat straw, 1.91 cm i.d. screen for corn cobs) weighed and mixed into feed trucks (Roto-Mix, Dodge City, KS). The mixture was calculated to be 50% DM with calcium oxide added at 5.0% of the total DM (DM of treated cobs, wheat straw, and corn stover were 52.4%, 51.6%, and 45.6%, respectively; Table 2 ). Feed trucks dispensed treated residue into a bagger (model 2W08; Kelly-Ryan, Blair, NE) operating at approximately 1,379 kPa. Storage in silo bags was done to provide anaerobic storage over the duration of the trial because of the moisture content of the treated forages. Treatment of crop residues was completed 30 d before initiation of the trial. Amounts of DM inside each bag were recorded, and estimates of bulk density of treated corn cobs, wheat straw, and corn stover were 0.131, 0.130, and 0.083 kg DM/m 3 , respectively. Untreated residues were ground and stored under roof (no added moisture or chemical). Wet distillers grains plus solubles were obtained from a commercial ethanol plant (Abengoa Bioenergy, York, NE) and were delivered as needed (approximately 1 semiload/wk). All finishing diets contained 5% dry supplement, which was formulated to provide 33 mg monensin/kg and 90 mg tylosin/ steer daily (Elanco Animal Health). Feed bunks were assessed at approximately 0630 h and were managed so that only traces of feed were left in the bunk each morning at feeding time. Accumulated feed refusals were removed from feed bunks and were dried for 48 h at 60°C in a forced-air oven to determine DM. Ingredients were sampled weekly, and DM was determined in a way similar to that to determine orts. Orts were assessed weekly, and refusals were 0.8% of total DM offered. Ingredient CP (method 990.06; AOAC 1990) and sulfur were analyzed using a combustion type N and S analyzer (TrueSpec N Determinator and TruSpec Sulfur Add-On Module, Leco Corporation, St. Joseph, MI). Lipid was determined using a biphasic lipid extraction as outlined by Bremer et al. (2010) . Monthly composite samples of treated and untreated crop residues were analyzed for Ca (Servi-Tech Labs Inc., Hastings, NE), NDF (Van Soest et al., 1991) , and pH. Briefly, pH was determined by taking 5.0 g (as is, sample previously dried and ground through 1 mm) of sample and adding 100 mL of distilled water, which was then refrigerated for 12 h, and pH was measured (model EN20, Mettler-Toledo, Columbus, OH) after the sample was given 20 min to equilibrate to room temperature.
Calcium oxide (formulated to contain 68% Ca on the basis of molecular ratio) replaced limestone in treated diets. Before final experimental diets were fed, a series of 4 diets containing 30%, 22.5%, 15%, and 7.5% alfalfa hay (DM basis) were fed for 7 d per step, with corn replacing alfalfa hay in each diet. The inclusion level of crop residue was the same in the adaptation diets as in the final experimental diets for each treatment. Six steers were treated for foot rot during the study, and 1 mortality (euthanasia) unrelated to treatment occurred. Steers were implanted with Revalor-XS (200 mg trenbolone acetate, 40 mg estradiol; Merck Animal Health) on d 1. Steers were pen weighed using a pen scale (Norac M2000, Norac Inc., Bloomington, MN) on d 140 before shipment and BW was shrunk 4% to Boggs and Merkel (1993) using the carcass measurements (assuming a common 2.5% KPH) and the following formula: YG = 2.50 + (0.0017 × HCW, kg) + (0.2 × KPH, %) + (6.35 × 12th-rib fat, cm) − (2.06 × LM area, cm 2 ). This experiment was structured as a randomized block design, with 3 initial BW blocks (light, middle, and heavy; replications per block were 2, 3, and 1, respectively). Steers (8 per pen) were assigned randomly within strata and block to pens, and pen was assigned randomly to treatment. Data were analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). In all analyses, initial BW block was included as a random effect. Two models were constructed to analyze data. To compare treated and untreated diets to the control, pairwise comparisons for treatments were determined using Fisher's LSD method when the F test statistic was significant at an α level of P = 0.05. All diets were coded such that the model statement contained the effects of each treatment combination and the control. To evaluate the main effects of crop residue type and chemical treatment, a second model was constructed. Data were analyzed as a 2 × 3 factorial treatment arrangement. This model contained main effects of chemical treatment (NT vs. AT) and crop residue (cobs, straw, and corn stover) as well as the chemical treatment × crop residue interaction. P ≤ 0.05 was considered significant, and P ≤ 0.10 to P > 0.05 were considered statistical trends.
Experiment 2
A metabolism study was conducted to evaluate rumen metabolism and digestibility of treated crop residues. Ruminally fistulated steers (n = 5) were assigned randomly using a row × column transformation and were acclimated to each diet for seven 15-d periods, partitioned into 10 d of adaptation and 5 d of collection. This experiment was designed as a 5 × 7 incomplete Latin square with a 2 × 3 + 1 factorial arrangement of treatments. Factors were crop residue (corn cobs, wheat straw, corn stover) and chemical treatment (NT vs. AT). The control (plus 1) diet contained a higher amount of DRC (46.0% vs. 36.0%) than AT and NT diets and 10% roughage (equal parts NT cobs, wheat straw, and corn stover on a DM basis; Table 3 ).
Experiments 1 and 2 occurred simultaneously, which allowed the same treated and NT residues to be used in each experiment. Wet ingredients (treated residues and WDGS) were collected from the Agricultural Research and Devewlopment Center Research Feedlot (near Mead, NE) approximately 2 times per week and were transported to the Animal Science Complex (Lincoln, NE) in 208-L steel barrels and stored in a cooler until mixing time. Diets were mixed as needed in a stationary ribbon mixer (model S-5 Mixer; H. C. Davis Inc., Bonner Springs, KS). Finished feed and wet feed ingredients were stored at 4°C in a walk-in cooler to maintain freshness and prevent mold growth. Steers were given ad libitum access to feed and were fed once daily at 0800 h. The diets provided 320 to 360 mg monensin/steer (Rumensin 90; Elanco Animal Health), 90 mg tylosin/steer (Tylan 40; Elanco Animal Health), and 150 mg thiamine/steer daily. Feed refusals were removed daily, and from d 9 to 14, 10% (as is) was collected and frozen. From daily feed refusal samples, a steer within period composite sample was made and then dried at 60°C to determine DM content, ground, and used for nutrient analysis in calculating digestibility.
Chromic oxide was used as an external marker to estimate fecal output. Steers were dosed intraruminally with 7.5 g of Cr 2 O 3 twice daily at 0800 and 1600 h. Approximately 300 g of feces were collected at 0800, 1200, and 1600 h from d 11 to 15. Within a day, fecal samples were composited on a wet basis into a daily composite, then lyophilized (Virtis Freezemobile 25ES, SP Industries, Warminster, PA). From dried daily composites, a steer within period fecal composite sample was made and analyzed for NDF (Van Soest et al., 1991) , OM, and Cr percentage. Diet samples, feed refusals, and fecal samples were ground to pass through a 1-mm screen using a Wiley mill (No. 4, Thomas Scientific, Swedesboro, NJ) and were composited by period. Feed, feed refusals, and fecal samples were analyzed for OM, NDF, and fat content similar to Exp. 1 (Table  4) . Percent OM was determined by ashing samples at 600°C for 6 h. Fecal samples were prepared for Cr analysis according to procedures outlined by Williams et al. (1962) . Fecal samples were diluted 10:1 and analyzed for Cr via atomic adsorption (Varian Spectra AA-30; Varian, Walnut Creek, GA). Approximately 45 mL of rumen fluid were collected on d 15 at 0800, 1100, 1400, 1700, 2000, and 2300 h using the suction strainer technique (Raun and Burroughs, 1962) . A composite sample of steer within period was made by taking a 5-mL aliquot of thawed rumen fluid from 3-h samples. This composite sample was prepared according to Erwin et al. (1961) and was analyzed for VFA concentration using a Series II HP 5890 (Hewlett-Packard, Avondale, MA) gas chromatograph.
Wireless, submersible pH probes (Dascor Inc., Escondido, CA) were placed into the rumen of each steer to monitor ruminal pH for the duration of the trial. Each probe was attached to a weighted enclosure designed to ensure the electrode remained in the ventral sac of the rumen. Before trial initiation, the calibration of each pH probe was verified by submersing probes in pH 4 and 7 standard solutions. Ruminal pH was recorded over the collection period (d 11 to 15) every minute continuously for each period. On the first day of each period, before the next diet was fed, probes were removed from the rumen to download pH data and reverify probe calibration. Ruminal pH measurements from each period were adjusted using beginning and ending calibration values to ensure accurate pH measurements.
Data for ruminal pH were analyzed within each period using the GLIMMIX procedure of SAS. Data were analyzed using a repeated measures analysis with day repeated, and an unstructured covariance structure was found to provide the best fit. The model included day and treatment as a fixed effects, and steer was considered a random effect. Time and area of ruminal pH < 5.6 as well as magnitude of pH change were calculated as described by Cooper et al. (1999) .
Digestibility and VFA data were analyzed using the MIXED procedure with steer as a random effect and period as a fixed effect. For all variables, 2 models were constructed to analyze data. To compare treated and untreated diets to the control, pairwise comparisons for treatments were determined by Fisher's LSD method when the F test statistic was significant at an α level of P = 0.10. All diets were coded such that the model statement contained the effects of each treatment combination and the control. To evaluate the main effects of crop residue type and chemical treatment, a second model was constructed. Data were analyzed as a 2 × 3 factorial treatment arrangement. This model contained main effects of chemical treatment (NT vs. AT) and crop residue (cobs, straw, and corn stover) as well as the chemical treatment × crop residue interaction. An α of P ≤ 0.10 was considered significant.
ReSULTS

Experiment 1
Analysis of the 2 × 3 portion of the finishing experiment detected an interaction between chemical treatment and residue (P < 0.01; 2 Formulated to contain 3.15% Ca and supply 0.63% dietary Ca at 20% inclusion.
3 Supplement formulated to be fed at 4% of diet DM.
4 Premix contained 10% Mg, 6% Zn, 4.5% Fe, 2% Mn, 0.5% Cu, 0.3% I, and 0.05% Co.
5 Premix contained 88 g thiamin/kg. AT straw and corn stover had 9.7% and 12.5% greater ADG, respectively, compared with steers fed NT straw and stover. Greater final BW was observed for steers fed AT corn stover (4.6%) and wheat straw (5.6%) compared with steers fed NT corn stover and wheat straw. A tendency (P = 0.07) for an interaction for live BW was observed. Steers fed AT straw and corn stover had greater live BW compared with steers fed NT straw and stover, but steers fed NT cobs had live BW similar to those fed AT cobs. No difference was observed between AT and NT cobs on ADG, G:F, and final BW. Steers fed AT wheat straw and corn stover had G:F improvements of 10.7% and 5.0%, respectively, compared with steers fed NT wheat straw and corn stover. No interaction between crop residue and chemical treatment was noted for G:F (P = 0.16), and AT showed greater (P < 0.01) G:F than NT. No interaction between chemical treatment and crop residue was observed for DMI or DMI as a percentage of BW. Similar to performance, an interaction between chemical treatment and residue (P < 0.01) was noted for HCW and 12th-rib fat. Greater (P < 0.01) HCW and 12th-rib fat for AT wheat straw and corn stover were observed compared with those for NT wheat straw and corn stover, but results for AT and NT cobs were similar. Greater (P < 0.01) HCW and 12th-rib fat were observed for steers fed AT compared with steers fed NT. Treated diets tended (P = 0.08) to have greater calculated YG than untreated diets. No difference was observed in dressing percent due to crop residue (P = 0.34) or chemical treatment (P = 0.69).
Comparing the 2 × 3 set of treatments to the Control diet, no difference (F test; P = 0.30) in DMI or DMI as a percentage of BW (F test; P = 0.93) was observed. For the control, 9.0% NDF from roughage was calculated, compared with an average of 16.5% for diets containing 20% treated or untreated roughage ( Table  2) . Wheat straw had 21.0% of NDF solubilized because of AT, whereas corn cobs and corn stover had 16.5% and 15.0%, respectively. Compared with the control, AT wheat straw led to greater (P < 0.01) final BW, but results for AT cobs, AT corn stover, and NT straw were similar. For ADG, AT crop residues and NT cobs and NT straw were similar compared with the control (P ≥ 0.05). The control did result in ADG than NT stover. For G:F, a tendency (P = 0.06) for differences among all diets was observed. The control ranked intermediate in G:F compared with all treatments. 3 Main effect of forage fraction. 4 Main effect of chemical treatment.
5 Forage fraction × chemical treatment interaction.
6 Calculated as HCW/common dress (63%).
7 Pen weight before slaughter.
8 Calculated as HCW/(Live BW × 0.96).
9 500 = Small 0 ; 600 = Modest 0 .
10 Yield grade (YG) = 2.5 + (6.35 × fat thickness, cm) + (0.2 × 2.5% KPH) + (0.0017 × HCW, kg) -(2.06 × LM area, cm 2 ) (Boggs and Merkel, 1993) .
Compared with control steers, steers fed AT wheat straw had greater (P < 0.01) HCW. No difference was observed on HCW for AT corn stover, AT cobs, NT cobs, and NT straw compared with the control. Numerically, steers fed AT corn stover had greater HCW than control steers. Control steers had greater 12th-rib fat than steers fed AT cobs and NT treatments. No differences were observed for marbling score across all treatments (F test, P = 0.12). No differences were observed for dressing percent across all treatments (F test, P = 0.36).
Experiment 2
An interaction for DM (P = 0.01), OM (P < 0.01), and lipid (P < 0.01) intake was observed in which nutrient intake for cattle fed NT cobs and NT corn stover were greater compared with AT cobs and AT corn stover, whereas NT straw was lower compared with AT straw (Table 6 ). The amount of lipid intake by cattle fed NT stover was slightly greater than in other treatments, which suggests that steers consuming that diet were able to sort for WDGS more than steers consuming wheat straw and corn cob diets. Lower (P < 0.01) NDF intake was observed for treated diets (3.1 vs. 3.5 kg/d), suggesting that CaO treatment partially solubilized NDF, thereby decreasing measurable NDF intake. Treatment with CaO solubilized (relative to untreated diets) 16.6%, 21.0%, and 15.6% of the NDF for treated cobs, wheat straw, and corn stover, respectively (Table  4) . Steers fed wheat straw diets had lower NDF intake (P < 0.01) than steers fed corn cobs or corn stover diets. No differences were noted (P ≥ 0.10) for DM or OM intake of AT or NT diets compared with CON. Lower NDF intake (P < 0.01) was observed for CON compared with AT and NT diets.
No interaction between chemical treatment and crop residue was noted for digestibility (P > 0.10; Table 6). Greater DM (73.7% vs. 66.1%; P < 0.01) and OM (77.0% vs. 68.5%; P < 0.01) digestibilities were noted for AT compared with NT. The differences in DM and OM digestibilities were the result of greater NDF (66.8% vs. 51.5%; P < 0.01) digestibility for AT compared with NT. Digestibility of lipid was also slightly greater for AT compared with NT. Steers fed CON had numerically lower DM (70.7% vs. 73.7%) and OM (72.1 vs. 77.0%) digestibilities compared with steers fed AT diets, although these differences were not different statistically (P > 0.10). The similar DM and OM digestibilities occurred because of dramatically greater NDF digestibility by steers fed AT diets compared with steers fed CON. Greater NDF digestibility was noted for NT cobs and straw compared with CON, but the digestibility of NT stover was similar to that of CON.
In general, AT appeared to increase ruminal pH compared with NT for cobs and stover but not for straw (Table 7 ). An interaction was noted for average ruminal pH (P = 0.08) and minimum pH (P = 0.03) as steers fed AT cobs and stover had greater pH compared with steers fed NT forms, but steers fed AT straw had lower rumen pH compared with steers fed NT ( Table  7) . Time of pH < 5.6 was decreased (P = 0.10) for AT cobs and stover compared with that of NT forms, but no difference between AT and NT straw was observed. AT and NT diets were not different for average and minimum pH compared with CON. Time of pH < 5.6 was not different between CON and AT diets. Crop residue pH was numerically greater for AT compared with NT residues. However, there appears to be no relationship between the pH of the treated forage and ruminal pH. Measuring the pH of alkaline-treated forage can be used as a quality control measure to assess treatment but does not lead to an increase in rumen pH. No difference (P = 0.48; Table 7 ) was observed for molar proportion of acetate between steers fed AT and NT. Steers fed wheat straw diets had lower acetate compared with steers fed cobs and stover. A tendency (P = 0.15) for an interaction between chemical treatment and crop residue on molar proportion of propionate was observed. Lower propionate proportion was observed for AT cobs and corn stover compared with NT, but propionate was similar for straw diets. As a main effect of chemical treatment, AT had lower propionate than NT (P = 0.05). Wheat straw diets tended (P = 0.15) to have greater propionate than cobs or stover. Butyrate proportion was greater (P = 0.03) for AT compared with NT. An interaction (P = 0.06) was observed for acetate:propionate (A:P) ratio. Similar to pH, AT cobs and corn stover produced greater A:P compared with NT, but AT wheat straw produced lower A:P compared with NT straw. When CON was analyzed with AT and NT diets, a tendency for a difference in acetate was observed (F test, P = 0.12). No difference was observed for CON compared with AT and NT diets for propionate. No difference (P > 0.10) was observed for AT straw or stover compared with CON (2.6) for A:P. Compared with CON, AT cobs produced a greater A:P ratio. Results suggest that treated crop residues can substitute for a portion of grain and roughage needed in feedlot diets and result in similar nutrient supply to the animal. The improvements in digestibility when treated residues are fed compared with when untreated residues are fed are related to fiber solubilization and improved fiber digestibility of remaining residue.
DISCUSSION
It is unclear why no response was observed with treating cobs. On the basis of the amount of NDF solubilized for AT cobs (16.5%) compared with that for NT, chemical treatment appeared to have taken place. Klopfenstein (1978) postulated that the mode of action of hydrolytic agents were primarily related to 1) solubilization of hemicellulose, 2) increased rate, and 3) increased extent of digestion of hemicellulose and cellulose. Others (Chandra and Jackson, 1971; Rexen and Vestergaard Thomsen, 1976) have found that response to chemical treatment varies with crop residue type. Physical form of cobs, which presumably had 3 Main effect of forage fraction. 4 Main effect of chemical treatment.
6 Presented as a molar proportion of total VFA.
7 C2:C3: acetate to propionate ratio.
smaller particle size because of the smaller screen used during initial processing, may have had shorter residence time within the rumen, negating any possible response to treatment (Welch, 1982) . It was expected that DMI of CON would be less compared with that of the other diets tested, as the addition of roughage generally increases DMI (NRC, 2000) . Galyean and Defoor (2003) reported that dietary NDF from roughage accounted for 92% to 93% of the variation in DMI as a percentage of BW for finishing cattle fed grain-based diets. Presumably, energy consumption limits intake for control steers. However, whether gut fill or energy regulates intake in steers consuming treated and untreated diets is unknown. The control in this study supplied 9.0% NDF from roughage, which is approximately double what is traditionally fed (Vasconcelos and Galyean, 2007) . Benton et al. (2007) fed 0, low (2.30% to 2.65%), and normal (4.60% to 5.83%) amounts of NDF from roughage from various sources (balanced to provide similar amounts of NDF) and found that the addition of roughage increased DMI and ADG but did not depress or improve G:F in diets containing 30% WDGS. They noted (P = 0.04) increased DMI, ADG, and final BW of steers fed normal amounts of roughage compared with those fed low amounts. They concluded the addition of roughage in diets containing WDGS appears to have effects similar to those observed in grain-based diets. Sewell et al. (2008) fed lambs treated (processed in a manner similar to that described above with 5% CaO, DM basis) pellets composed of wheat straw or corn stover at 30% of diet DM. They noted improvements in diet DM and NDF digestibilities of 9.7% and 48.3%, respectively, for treated wheat straw compared with the native form. For corn stover, diet DM and NDF digestibilities were increased by 9.0% and 46.4%, respectively, compared with those of the native form. However, compared with a control diet that contained 60% DRC (30% DRC in wheat straw and corn stover diets, DM basis), both wheat straw and corn stover diets had reduced DM digestibility. In the present study, diet DM digestibility was increased by 4.3%, 12.8%, and 17.8% for treated cobs, wheat straw, and corn stover, respectively, compared with that of untreated diets. However, we did not observe any difference in DM or OM digestibility between the treated diets and CON. Differences between the results in the present study and those of Sewell et al. (2008) could be related to the amount of corn replaced and the fact that both corn and roughage were replaced in this work.
To date, few studies have focused on corn replacement strategies because corn has been an economical source of energy. Sewell et al. (2008) replaced all of the corn in a finishing diet with a pellet (included at 50% of diet DM) that contained various blends of crop residues that were thermochemically treated using a Readco extrusion processor (Readco Kurimoto Continuous Processor, York, PA) and treated with 5% calcium oxide, and then they blend treated residues with dried distillers grains plus solubles (DDGS). In that study, the corn replacement pellet was compared with a control diet that contained (DM basis) 50% DRC, 25% DDGS, 15% corn silage, and 10% supplement. Dietary NDF was greater (37.1% and 38.3%) for treatments that contained corn replacement compared with the control diet, which contained 19.3%. They observed lower DMI for the control diet than for the 2 diets that contained a corn replacement pellet that contained either corn fiber or wheat straw. They found decreased G:F for Holstein steers that were fed the corn replacement pellet compared with steers fed the control diet, but no difference in ADG was observed. This work suggested that calcium oxide-treated crop residues fed in conjunction with a distillers grain-based diet may be a feeding strategy to maintain acceptable performance and reduce ration costs, depending on the costs of corn and treated residues.
It is unclear why similar efficiency was observed between treated diets and the control. However, steers in this study were fed a greater amount of roughage in the control diet than typically fed on the basis of a recent survey of dietary roughage concentration (Vasconcelos and Galyean, 2007) , which may have diluted some of the response. Additionally, treated crop residue diets are replacing not only corn but also the roughage in the control diet. It is unlikely that treated residue has an energy content similar to that of the corn grain it replaces on the basis of previous in vitro studies. Using tabular values (NRC, 2000) , DRC has 78% and 115% greater TDN than corn cobs and wheat straw, respectively. Greater utilization of WDGS or corn may explain some of the response. Some studies have found decreased ruminal residence time for grain as roughage increased in the diet (Owens and Goetsch, 1986; Moore et al., 1990; Wylie et al., 1990) , whereas others have noted no difference Shain et al., 1999) . Shifting the site of digestion of starch toward the small intestine is generally viewed as counterproductive to efficient grain utilization as intestinal starch digestion is limited (Huntington, 1997) , despite energy losses associated with fermentation. However, hypothesized that shifting the site of digestion of starch to the intestines would result in 42% greater energy capture compared with fermentation. Under the conditions of this study, grain inclusion is lower than typically observed (Vasconcelos and Galyean, 2007) for finishing cattle, and intestinal starch di-gestion may not be overwhelmed. Greater stratification of rumen contents due to inclusion of crop residues, namely, wheat straw and corn stover, may increase the residence time of small particles such as WDGS, thereby increasing digestibility (Welch, 1982) .
Increasing roughage has been shown to effectively reduce H 2 S concentration (Vanness et al., 2009; Morine et al., 2014) . Excess sulfur (>0.46% diet DM; Nichols et al., 2013) has been characterized as detrimental to animal health (Gould, 1998) , DMI, and ADG (Sarturi et al., 2013) . Indeed, high ruminal sulfide (H 2 S) production may induce polioencephalomalacia by absorption of reinhaled ruminal gases. Lower DMI and ADG are commonly observed with high levels of sulfur (Sarturi et al., 2013; Uwituze et al., 2011) . However, Sarturi et al. (2013) observed no impact on G:F due to sulfur level. It could be expected that steers fed crop residues had lower H 2 S production than steers fed the control. Lower H 2 S production would not help explain why efficiency was similar between treated diets and the control diet, but DMI and ADG could be expected to increase, which was not observed in the feedlot experiment.
Under the conditions of this study, feeding steers 20% wheat straw or corn stover, previously treated with 5% calcium oxide at 50% DM, in a WDGS-based diet was able to support ADG, DMI, and G:F similar to those of a diet that contained 10 DM percentage units less DRC. The differences in observed performance are related to the increased fiber digestibility of treated residues, resulting in similar nutrient supply and fermentation characteristics in the animal.
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